Background {#Sec1}
==========

Polyarteritis nodosa (PAN) is a systemic necrotizing vasculitis affecting small or medium arteries. Patients present with negative antineutrophil cytoplasmic antibody (ANCA) serology and no evidence of glomerulonephritis \[[@CR1], [@CR2]\]. Unlike ANCA-associated vasculitides, pathogenesis of classic PAN remains unclear. PAN is rare, with incidence and prevalence rates of approximately 1/1000000 and 31/1000000, respectively in European adults. Notably, pediatric PAN is even rarer, and the largest pediatric PAN series (110 cases) published by Ozen \[[@CR3]\] et al. reported that most PAN cases in children had multisystemic involvement. When Kussmaul and Maier first described PAN, nearly all cases of necrotizing vasculitis were classified as PAN however, Chapel Hill Classification criteria has now provided us with clear definitions for each vasculitis including PAN \[[@CR1], [@CR4]\]. Recently whole-exome sequencing has enabled the identification of monogenic diseases misdiagnosed as PAN. An example of this monogenic necrotizing vasculitis disease spectrum is deficiency of adenosine deaminase-2 (DADA2). In 2014, two studies, one by Navon Elkan \[[@CR5]\] et al. and the other by Zhou Q \[[@CR6]\] et al., reported an association between DADA2 and PAN, providing some insight to disease pathology. The authors highlighted the significance of the *cat eye syndrome chromosome region candidate 1 (CECR1)* gene, which encodes the ADA2 protein and its role in maintaining vascular integrity \[[@CR6]\].

PAN and related monogenic diseases show a wide range of clinical manifestations including systemic symptoms (fever, myalgia, and weight loss) as well as cutaneous, gastrointestinal, renal, and neurological involvement \[[@CR2], [@CR7]--[@CR10]\]. Ophthalmological manifestations, which occur in 5--40% of patients are relatively uncommon compared with involvement of other organ systems \[[@CR2], [@CR11]\]. The major ocular findings are similar to those occurring in other microvascular diseases and include retinal vasculitis, cotton-wool spots, and choroidopathy \[[@CR7]\]. The involvement of retinal and choroidal arteries in patients with PAN was first reported by Goldsmith \[[@CR11]\] in 1946. Hsu \[[@CR12]\] et al. reported PAN-induced bilateral choroidal infarction. A recent report by Kostina-O'Neil \[[@CR13]\] et al. describes a case of prominent choroidopathy and optic neuropathy presenting as early signs of PAN.

The choroid as the most vascular structure of the eye, consists of a capillary network and larger choroidal vessels. The choriocapillaris becomes wider and longer towards the equatorial region. In contrast to other capillary networks throughout the human body, the luminal diameter of these capillaries is significantly larger (approximately 20 μm at the macula and 18--50 μm at the periphery) \[[@CR14]\]. Macula involves high density of photoreceptors, that results in a high metabolic demand at this region which is supplied primarily by choroid. Enhanced depth imaging is a commercially available non-invasive modification of standard optical coherence tomography with 6 μm axial resolution. It has enabled us to assess choroid which could not have been evaluated in detail before by methods such as fluorescein angiography or ultrasonography \[[@CR15]\]. Importance of choroidal assessment has been evaluated in number of uveitides, such as birdshot chorioretinopathy, Vogt-Koyanagi-Harada (VKH) and Behçet's diseases \[[@CR16]--[@CR18]\]. Choroidal thickness alterations have been noted in VKH and sarcoidosis even in subclinical conditions \[[@CR19], [@CR20]\]. Although choroidal thickness measurements must be obtained manually, previous studies have shown a dependable inter-observer reproducibility \[[@CR21]\]. Like many other vascular structures, choroidal circulation is susceptible to many common pathologies, such as hyperlipidemia or hypertension, and to some physiological changes such as exercise or even ageing itself \[[@CR22], [@CR23]\]. Choroidal thickness has been shown to decrease approximately 1.2 μm each year of age \[[@CR24]\]. Apart from these relatively small fluctuations, ChT has been shown to alter in inflammatory diseases even without a direct correlation with systemic disease activity \[[@CR25]\]. Studies conducted on adult rheumatoid arthritis and SLE patients have both shown a 25% decrease in ChT due to chronic choroidal vascular inflammation \[[@CR25], [@CR26]\].

The aim of this article was to investigate possible subclinical ocular involvements in PAN and PAN-like vasculitides, which may precede sight threatening complications. Although choroidal findings have been reported in most cases with PAN-induced ocular manifestations, to the best of our knowledge, our study is the first to evaluate choroidal changes using enhanced depth imaging optical coherence tomography (EDI-OCT) and to investigate their possible association with clinical findings in children with PAN and DADA2 \[[@CR11]--[@CR13], [@CR27]\].

Methods {#Sec2}
=======

This study included 11 children with PAN, 4 with DADA2, and 15 age-matched healthy volunteers. The enrolled children were diagnosed with PAN according to the European League Against Rheumatism/Paediatric Rheumatology European Society/Paediatric Rheumatology International Trials Organization classification criteria for childhood PAN \[[@CR28], [@CR29]\]. All patients with DADA2 were diagnosed by defining the mutations of CECR1 by Sanger sequencing.

All children were evaluated by pediatric rheumatologists (SO and SD) and were referred to Ophthalmology Department for ocular examination. Demographic data, clinical manifestations, and biochemical parameters (the erythrocyte sedimentation rate, and serum levels of leukocyte and C-reactive protein) at the time of diagnosis were retrospectively analyzed from patient charts.

The pediatric vasculitis activity score (PVAS) \[[@CR30]\] was calculated to evaluate the disease activity in children with PAN \[[@CR31]\]. The following criteria were used for the diagnosis of active DADA2 disease: 1) elevated serum levels of acute phase reactants (APRs) or fever without evidence of infection and, 2) new symptoms related to DADA2. Ophthalmological assessment performed in all children included complete ocular examination with measurement of best corrected visual acuity (BCVA) with a Snellen chart. Anterior segment slit-lamp examination was performed to evaluate the conjunctiva, sclera, cornea, anterior chamber, iris and lens to identify signs of keratitis, episcleritis, scleritis, and/or uveitis and their sequelae at × 16 and × 40 magnification. The intraocular pressure (IOP) was measured using a Goldmann applanation tonometer and recorded in mmHg. Vitreus, retina, retinal vascular structures and optic disc were examined by dilated fundus examination with 90 diopter non-contact lens before EDI-OCT scan. Children with a history and/or finding of ocular disease unrelated to PAN or DADA2, and/or children with refractive errors \> +/− 3.0 diopters were excluded from the study. OCT images of children with image quality index(Q) \< 25 were also excluded. A spectral domain OCT device with EDI mode set to 870 nm (Heidelberg Spectralis, Heidelberg Engineering, Dossenheim, Germany) was used for measurements. The EDI-OCT images were obtained on horizontal OCT scans between 30° × 20° centered on the fovea. As choroidal thickness (ChT) is affected by the time of measurement, all measurements were performed between 09:00 and 11:00 a.m.

Data from only one eye (left eye) of each patient and the control subjects were analyzed. Heidelberg Eye Explorer software (Heidelberg Engineering, Heidelberg, Germany) was used for measurements (Fig. [1](#Fig1){ref-type="fig"}). ChT was measured manually by 2 blinded observers from the outer surface of the retinal pigment epithelium to the lamina sclera at 5 points (750 and 1500 μm from the foveal center in the temporal (T) and nasal (N) quadrants and beneath the fovea). The mean of the 2 measurements was obtained for statistical analysis. Fig. 1Assessment performed using enhanced depth imaging optical coherence tomography. Image showing choroidal thickness measurement shows the following: The cross-sectional image of the choroid is obtained using enhanced depth imaging scanning with optical coherence tomography. Measurements are obtained by 2 independent examiners at 5 locations using 750 μm intervals. **a** Measurements obtained by Examiner I. **b** Measurements obtained by Examiner II

ImageJ software (version 1.8.0_77, Bethesda, MD, USA <http://imagej.nih.gov/ij/>) was used to calculate the choroidal vascularity index (CVI). The images obtained with EDI-OCT were converted using the ImageJ software, and the scale was adjusted to 100 μm. A line measuring 750 μm was drawn from the foveal center, both nasally and temporally with a total length of 1500 μm. After this stage, the image type was changed to 8 bits and an automated local threshold was applied using the Niblack method \[[@CR32]\] to convert all pixels from red, green, and blue to black and white. The number of pixels was measured using the histogram module, in which the total number of pixels could be measured using the count number. The number 0 represents luminal area (LA), and 255 represents stromal area (SA) when using the list option. We obtained the following values: Total choroidal area (TCA) = LA + SA and the CVI = LA÷TCA. A binarized OCT section is shown in Fig. [2](#Fig2){ref-type="fig"}. Fig. 2An optical coherence tomography section after binarization by ImageJ software*.* Black areas observed in the image represent the luminal area, and white areas represent the stromal area in choroidal tissue

Statistical analysis {#Sec3}
--------------------

Statistical analysis was performed using the SPSS 21.0 software package (SPSS Inc. IBM, Armonk, NY, USA). Descriptive analyses were expressed using proportions, and medians (minimum and maximum values). Conformity of the variables to a normal distribution was investigated using visual (histogram and probability plots) and analytical methods (Kolmogorov-Smirnov tests). Kruskal Wallis test was performed to compare the differences among groups for non-parametric data, the Spearman test was used to calculate correlation coefficients and their significance. All data from either eye and for each point have been compared separately with Wilcoxon-Mann-Whitney test. A *p* value \< 0.05 was considered statistically significant. Inter-examiner reproducibility of the ChT measurements was assessed by measuring the intraclass correlation coefficient (ICC).

Results {#Sec4}
=======

This study group included 15 children (11 children with PAN, 4 children with DADA2). The median (minimum--maximum) ages at diagnosis were 4 (3--15) years, and ages at the OCT visit of the subjects were 8 (4--16) years. The median ages of healthy controls were 8 (8--10) years at the OCT visit. The median (minimum--maximum) duration of follow-up was 4 (2--6) years. The median (min-max) age was 8 (4--16) years in PAN patients, 6 (5--16) years in DADA-2 patients and 8 (8--10) years in control group at the OCT visit (*p* = 0.214). All children diagnosed with DADA2 were homozygous for a G47R mutation in the *CECR1* gene. At the time of diagnosis, the most common symptom was myalgia and arthralgia (92.8%), followed by fever and fatigue (85.7%), abdominal pain (85.7%), rash (78.5%), hypertension (21.4%), epididymoorchitis (14.2%), proteinuria (7.1%), posterior reversible encephalopathy syndrome (7.1%). At the last visit, only 1 child with DADA2 was confirmed as having active disease based on myalgia, arthralgia, vasculitic rash and elevated serum levels of APRs. The median (minimum--maximum) PVAS scores at the time of diagnosis and at the last visit were 5 (4--8) and 0 (0--4), respectively.

All children received corticosteroid treatment. All children with DADA2 received etanercept at the time of their last visit. Of the 11 children diagnosed with PAN, 7 received mycophenolate mofetil, 6 received also colchicine, and 2 received enalapril in addition to the primary treatment. Azathioprine and tocilizumab were administered to one child each.

Clinical characteristics of PAN and DADA2 patients at the time of diagnosis are highlighted separately in Table [1](#Tab1){ref-type="table"}. The main clinical and laboratory findings observed in the enrolled children at the time of diagnosis and at the OCT visit are summarized comparatively in Table [2](#Tab2){ref-type="table"}. The median BCVA was 20/25 (20/32--20/20). No patient had a history of any visual disturbances (e.g. red eye, floaters, blurred vision, photophobia, ocular pain) suggesting previous uveitis or any other ocular manifestation. Biomicroscopic anterior segment and dilated fundus examination did not reveal any pathology or sequela of a previous inflammation in any child. However, the choroid was significantly thicker in children with PAN and DADA-2 than in the control group at the subfoveal and at the 750 N and 750 T points (*p* \< 0.0001, *p* = 0.049, *p* = 0.007, respectively). There was not any significant difference between the patients and healthy controls at 1500 N and 1500 T (*p* = 0.325, *p* = 0.278). The TCA, LA, and SA values in children with PAN and DADA-2 were greater than those in the control group (*p* = 0.007, *p* = 0.006, *p* = 0.033, respectively). No intergroup difference was observed in the CVI (*p* = 0.91). OCT assessments are summarized in Table [3](#Tab3){ref-type="table"}. Post-hoc analysis results are highlighted in Table [4](#Tab4){ref-type="table"}. The plotted graph in Fig. [3](#Fig3){ref-type="fig"}-[4](#Fig4){ref-type="fig"} shows the relationship between age and the other OCT parameters. Correlation analysis did not show a significant association between OCT findings, PVAS, and biochemical parameters. The inter-examiner ICC for ChT was \> 0.90 (95% confidence interval 0.90--0.92) for all measurement points. There was no significant difference between the measurements of the study and fellow eyes. (*p* = 0.22). Table 1Clinical characteristics of PAN and DADA2 patients at the time of diagnosisPAN (*n* = 11)DADA2 (*n* = 4)Female/Male6/51/3Age at symptom onset, median (min-max)4 (2--10)3.5 (1.5--14)Age at diagnosis median (min-max)6 (3--12)4 (3--15)Age at the OCT visit median (min-max)8 (4--16)6 (5--16)Constitutional symptoms, n (%)8 (73%)4 (100%)Musculoskeletal symptoms, n (%)10 (90%)3 (75%)Cutaneous involvement, n (%)8 (73%)3 (75%)Hypertension, n (%)0 (0%)1 (25%)Renal involvement, n (%)0 (0%)1 (25%)Neurologic involvement, n (%)1 (9%)0 (0%)Testis involvement, n (%)1 (9%)1 (25%)Gastrointestinal system involvement, n (%)9 (82%)3 (75%)Cardiovascular involvement, n (%)0 (0%)0 (0%)Pulmonary involvement, n (%)0 (0%)0 (0%)Medication n (%) Steroid11 (100%)4 (100%) Biologic agent1 (9%)4 (100%) DMARD8 (83%)0 (0%)Table 2The main characteristics of patients at the time of diagnosis and the last visitAt the time of diagnosisAt the OCT visitConstitutional symptoms, *n* (%)12 (85.7)0 (0)Musculoskeletal symptoms, *n* (%)13 (92.8)1 (7.1)Cutaneous involvement, *n* (%)11 (78.5)1 (7.1)Hypertension, *n* (%)3 (21.4)0 (0)Renal involvement, *n* (%)1 (7.1)0 (0)Neurologic involvement, *n* (%)1 (7.1)0 (0)Testis involvement, *n* (%)2 (14.2)0 (0)Gastrointestinal system involvement, n (%)12 (85.7)0 (0)Cardiovascular involvement, *n* (%)0 (0)0 (0)Pulmonary involvement, *n* (%)0 (0)0 (0)WBC^a^ count, ×10^3^/mm^3^, median (min-max)15,200 (6500--29,200)8800 (5200--12,600)ESR^a^ (mm/h), median (min-max) (normal range 0--20)45 (35--57)17 (4--20)CRP^a^ (mg/dl), median (min-max) (normal range 0--0.8)17 (2.3--24.9)1.3 (0.1--1.5)^a^*CRP* C-reactive protein, *ESR* Erythrocyte sedimentation rate, *WBC* White blood cellTable 3Comparison of OCT findings between PAN and DADA2 patients and control groupParameterPAN patients\
(*n* = 11)\
Median (min-max)DADA2 patients\
(*n* = 4)\
Median (min-max)Control group\
(*n* = 15)\
Median (min-max)*p*-value\*\*Subfoveal ChT342 (201--506)374 (298--609)242 (194--270)\< 0.0001^\*^750 N ChT339 (219--471)358 (302--628)293 (261--307)0.049^\*^1500 N ChT270 (158--458)324.5 (285--605)341 (324--359)0.325750 T ChT321 (241--481)356.5 (284--581)287 (191--305)0.007^\*^1500 ChT391 (217--458)317.5 (254--510)330 (307--351)0.278Total Subfoveal Choroidal Area1.28 (0.74--1.86)1.2 (1.15--1.56)0.83 (0.73--1.15)0.007^\*^Luminal Area0.75 (0.45--1.15)0.82 (0.63--0.96)0.54 (0.45--0.78)0.006^\*^Stromal Area0.48 (0.25--0.70)0.46 (0.33--0.59)0.31 (0.24--0.36)0.033^\*^CVI0.62 (0.58--0.71)0.64 (0.55--0.71)0.64 (0.60--0.71)0.910^\*^*, statistically significant*Table 4Post-hoc analysis results for statistically significant variables in PAN, DADA2 and control groupParameterPAN- Control Group (*p* value)DADA2--Control Group (*p* value)PAN- DADA2 Group (*p* value)Subfoveal ChT\< 0.0001^\*^\< 0.001^\*^0.504750 N ChT0.110.024^\*^0.277750 T ChT0.006^\*^0.02^\*^0.697Total Subfoveal Choroidal Area0.013^\*^0.01^\*^0.425Luminal Area0.012^\*^0.008^\*^0.384Stromal Area0.043^\*^0.029^\*^0.471^\*^*, statistically significant*Fig. 3Plotted graph showing the relationship between choroidal thicknesses and age. **a**) Subfoveal ChT-Age **b**)750 N ChT-Age **c**)1500 N ChT-Age **d**)750 T ChT-Age **e**)1500 T ChT-AgeFig. 4Plotted graph showing the relationship between the other OCT parameters and age. **a**) CVI-Age **b**) LA-Age **c**) TCA-Age **d**) SA-Age

Discussion {#Sec5}
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Our findings in this small series of PAN and DADA2 showed a thicker choroidal tissue at three points (Subfoveal, 750 N, 750 T) compared to healthy subjects, which may reflect the systemic inflammation in these children. Lack of such difference at 1500 N and 1500 T might be attributable to natural thinning of choroid nasally and thickening temporally \[[@CR33]\]. Few studies in current literature mentions choroidal vascular involvement in PAN-like disease spectrum, and these studies reveal choroidal involvement in severe cases \[[@CR12], [@CR13]\]. Central retinal occlusion, panuveitis and oculomotor nerve palsy, have been previously reported in the spectrum of PAN \[[@CR27]\]. Akova \[[@CR34]\] et al. previously reported ocular inflammation as one of the earliest signs in adult PAN. Our study is the first report of a possible choroidal involvement even in mild inflammatory status in this disease spectrum. Further analysis also revealed that this expansion is homogenous in terms of affected choroidal structures. Both luminal and stromal areas have been found to be thicker in PAN and DADA2 group (0.76 ± 0.19 mm^2^ and 0.44 ± 0.14 mm^2^), CVI did not show any significant difference between two groups.

Choroidal expansion may occur (similar to choroidal infarction) secondary to systemic or local inflammation of the choroidal vascular network. Though we found choroid to be thicker, we could not demonstrate correlations with systemic inflammatory markers and choroidal findings in our study. Studies on rheumatic diseases causing both systemic and local ocular inflammation, such as Behçet's disease, have reported increased ChT secondary to increased pro-inflammatory cytokine levels, primarily in the acute phase of the disease. However, effacement replaces expansion as the disease progresses and chronic vascular injury settles \[[@CR35]--[@CR38]\]. Onal \[[@CR39]\] et al. reported choroidal stromal expansion without any association with ChT in patients with active Behçet's uveitis. It is noteworthy that in our series, none of the patients had an active uveitis or any other ocular involvement and only one patient had clinically active DADA2, suggesting that even under a successful treatment regimen, a mild subclinical inflammation may still exist. Although two patients were on enalapril due to a previous renal involvement, we did not regard this as a confounding factor because of their euvolemic and normotensive state. As for other mainstay treatment agents that might have altered choroidal thicknesses, both glucocorticoids and etanercept have been shown to decrease endothelial damage, sustain blood-retinal barrier and prevent further leakage thus expected to result in a decreasing effect on ChT \[[@CR40]--[@CR42]\].

The CVI is a novel parameter to evaluate changes in the choroidal structure and shows the ratio of LA to TCA \[[@CR43], [@CR44]\]. Increased LA is observed in polypoidal choroidal vasculopathy and central serous chorioretinopathy secondary to expansion of the intravascular space and leakage from dilated choroidal vessels \[[@CR45], [@CR46]\]. External components that represent SA are mainly composed of connective tissue elements and are affected by ongoing autoinflammatory processes causing stromal edema \[[@CR47], [@CR48]\]. Agarwal \[[@CR44]\] et al. reported that increased LA and SA were more commonly observed during an acute attack than during convalescence secondary to ocular inflammation in patients with tubercular multifocal serpiginoid choroiditis. Kim \[[@CR49]\] et al. reported an increase in the CVI and ChT during an attack of HLA-B27 associated uveitis; however, LA and SA were not evaluated separately in this study. LA measurements are important because although the LA is 60--65% of the TCA, it is not affected as much as TCA by factors such as axial length, refractive errors, IOP, and diurnal variations \[[@CR50], [@CR51]\]. It has also been suggested that in patients with a higher TCA, prolonged compression by LA causes stromal atrophy. In contrast, a higher SA with a low CVI is observed in patients with chronic inflammatory diseases and diseases that cause choroidal hyperpermeability.

In the current study, both, the LA and SA were increased in the study group compared with the control group. Primary endothelial dysfunction occurs secondary to primary inflammatory vasculitis and the action of pro-inflammatory cytokines or antibodies across this disease spectrum \[[@CR52], [@CR53]\]. The increase in both the LA and SA but a stable CVI observed in current study group can be attributed to the fact that PAN and DADA2 individually cause microaneurysms and increased vascular permeability owing to vasculitis in LA, as well as systemic inflammation causing an expanded SA. Increased ChT is attributed to changes in both LA and SA.

Limitations of this study include a relatively small sample size of children with PAN and DADA-2. The study is cross-sectional, we do not have OCT data before the start of treatment. Although accompanying inflammation causes choroidal stromal expansion, PAN-like conditions primarily affect the luminal aspects of vascular structures. Thus, further evaluation based on quantitative analysis of inflammatory markers will provide a better understanding of the association between choroidal structural changes and systemic conditions. Further research with more subjects, choroidal assessment at the time of diagnosis and a longer follow-up period is required to determine the value of the role of ophthalmic assessments in monitoring disease activity.

Conclusions {#Sec6}
===========

This study is the first case series describing choroidal involvement in children with the PAN and DADA2. The choroid was observed to be thicker in the PAN and DADA-2 group with an increase in the LA, SA and TCA.
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